INTRODUCTION {#rry005s1}
============

Multiple myeloma is a kind of hematologic malignancy that has increased numbers of immature, abnormal or atypical plasma cells in the bone marrow and typical bone lesions. It accounts for \~10% of hematologic malignancies in the USA \[[@rry005C1]\]. A proteasome inhibitor, bortezomib had been approved to treat myeloma by the US FDA and then became the first-line drugs \~10 years ago \[[@rry005C2]--[@rry005C4]\]. As a result, outcomes of the treatment of myeloma were greatly improved. However, multiple myeloma cells have developed resistance to this chemotherapeutic agent, and refractory myeloma remains an incurable disease in patients who cannot receive bone marrow transplantation. Another common modality applied to treat myeloma is radiotherapy, which has the advantage of causing direct and immediate cell death focused in a local area, and also having an abscopal effect, a phenomenon of tumor regression in sites distant from the targeted fields of irradiation. It is well accepted that this abscopal effect might be mediated by activation of the immune system in patients \[[@rry005C5]\]. In the past several decades, it has become increasingly clear that NK cells play an important role in the recognition and killing of myeloma cells, with differences in NK cell numbers and activity depending on the stage of the disease \[[@rry005C6]--[@rry005C10]\]. Proteasome inhibitors can regulate the expression of natural killer group 2, member D (NKG2D) ligands, which bind to NK2D receptors and play an important role in the NK, γδ+ and CD8+ T cell--mediated immune response to transformed cells \[[@rry005C11], [@rry005C12]\], through preventing the degradation of intracellular proteins \[[@rry005C13]--[@rry005C16]\]. The role of bortezomib in the NK cell--mediated immune responses is currently being studied. Therefore, it was proposed that both bortezomib and radiotherapy might be used simultaneously to affect the immune system in myeloma patients and thus to modulate disease progression. In this study, we investigated whether a combination of bortezomib and radiotherapy could induce NKG2D ligands in myeloma cells and thus enhance the NK cell--mediated immune response. This could lead to using the activated NK cell--mediated immune system against myeloma cells, through combined treatment with bortezomib and ionizing radiation, to improve outcomes for and reduce recurrence rates in myeloma patients.

MATERIALS AND METHODS {#rry005s2}
=====================

Cell lines and reagents {#rry005s2a}
-----------------------

The two multiple myeloma cell lines, IM-9 and RPMI-8226, used in this study were obtained from the Korean Cell Line Bank (Seoul, Korea). These cell lines were maintained in RPMI-1640 media supplemented with 10% fetal bovine serum (FBS) (Gibco, Grand Island, NY, USA), 2 mM L-glutamine, 100 μg/ml streptomycin, and 100 U/ml penicillin. The NK-92 cell line was obtained from the American Type Culture Collection (Manassas, VA, USA) and maintained in alpha-Minimum Essential Modified medium supplemented with 12.5% (v/v) FBS, 12.5% (v/v) horse serum, 2 mM L-glutamine, 0.1 mM 2-mercaptoethanol, 200 U/ml of recombinant human interleukin-2, 100 mg/ml streptomycin, and 100 U/ml penicillin. All cell lines were cultured at 37°C in a humidified atmosphere containing 5% CO~2~. Bortezomib was purchased from SELLECK chemicals (Houston, TX, USA) and dissolved in 99.7% dimethyl sulfoxide (DMSO; Sigma-Aldrich, St Louis, MO, USA) at a concentration of 10 μM. Each myeloma cell line was treated with bortezomib at concentration of 2.5 nM to 10 nM.

Exposure to ionizing radiation and combined treatment {#rry005s2b}
-----------------------------------------------------

To irradiate the myeloma cells, we used a 6 MeV Clinac iX Linear Accelerator (Varian Medical Systems, Palo Alto, CA, USA) in the Department of Radiation Oncology of Pusan National University Yangsan Hospital (Yangsan, South Korea). The 1 × 10^6^ cells were seeded in 100 mm--diameter culture dishes with 10 ml PRMI-1640 medium. The following day they were irradiated at a rate of 8 Gy/min for 30 s to a 200 × 200 mm area, under a 10 mm depth coverage of medium (created by the addition of 68 ml RPMI-1640 medium). The 10 mm depth of medium mimicked the condition of a tumor mass located in the subcutaneous layer. For the combined treatment, bortezomib treatment was applied just after the ionizing radiation (IR). The irradiated myeloma cells were allowed to recover for 24 h after reduction of the medium to 10 ml (Fig. [1](#rry005F1){ref-type="fig"}).

![The protocol for combined treatment with bortezomib and IR. The 1 × 10^6^ cells were seeded in a 100 mm--diameter culture dish with 10 ml PRMI-1640 medium. The next day they were covered with a 10 mm depth-coverage of medium by the addition of 68 ml RPMI-1640 medium and were then irradiated at a rate of 8 Gy/min for 30 s to a 200 × 200 mm area. They were treated with bortezomib just after the ionizing radiation treatment. The irradiated myeloma cells were allowed to recover for 24 h after reduction of the medium to 10 ml.](rry005f01){#rry005F1}

Total RNA extraction and multiplex reverse transcription PCR {#rry005s2c}
------------------------------------------------------------

Total RNA extraction and reverse transcription PCR (RT-PCR) were performed as previously described \[[@rry005C17]\]. Briefly, the total RNA was extracted using an RNeasy® Mini Kit (Qiagen GmbH, Hilden, Germany) from the cell lines, following the manufacturer's protocol. One microgram of extracted total RNA was used to synthesize cDNA using 100 pmol of random primers (Takara Bio Inc., Kyoto, Japan) and 100 U of M-MLV reverse transcriptase (Promega Co., Fitchburg, WI, USA). The resulting cDNA was used in the PCR reaction with the QIAGEN® Multiplex PCR Kit (Qiagen GmbH). Seven pairs of primer sets were purchased from Bioneer Co. Ltd (Daejeon, South Korea) and used to investigate the expression of genes, including ribosomal protein L19 (*RPL19*), *MICA*, *MICB*, *ULBP1--3* and β-actin (*ACTB*). ACTB and RPL19 were used as a loading control and a degradation marker, respectively. The PCR products were analyzed using ethidium bromide (Sigma-Aldrich, St Louis, MO, USA)--stained 2.0% agarose gel electrophoresis and quantitated by image analyzing software, Quantity One (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Flow cytometry {#rry005s2d}
--------------

To determine the surface expression of the NKG2D ligands on cancer cells, the cells were incubated with mouse anti-MICA, anti-MICB, anti-ULBP1--3 (R&D systems, Minneapolis, MN, USA), which were NKG2D ligand--specific monoclonal antibodies (mAbs), and the corresponding isotype controls at 10 μg/m, followed by incubation with goat anti-mouse-PE conjugated (BD Phamingen Inc., San Diego, CA., USA). The analysis was performed on a FACS Caliber® (Becton Dickinson, Mountain View, CA., USA) using CellQuest software (Becton Dickinson), and the cell surface expression was quantified by the value of the mean fluorescence intensities (MFIs) obtained with the specific mAbs.

NK cell--mediated cytotoxicity assay {#rry005s2e}
------------------------------------

NK cell--mediated cytotoxicity was determined with DELFIA® EuTDA Cytotoxicity Reagents (PerkinElmer Life Sciences, Waltham, MA, USA). The precise procedure has been described previously \[[@rry005C18]\]. Briefly, the target cells (1 × 10^6^ cells/ml) were incubated with freshly prepared 10 μM of BATDA, a fluorescence-enhancing ligand, in 2 ml culture medium for 30 min at 37°C, and washed. Next, 100 μl of BATDA-labeled target cells (5000 cells) were transferred into a round-bottom sterile plate. These target cells were co-cultured with NK-92 cells for 2 h at an effector/target ratio ranging from 2.5:1 to 10:1. After incubation, 20 μl of the supernatant from each well was transferred to the wells of flat-bottom 96-well plates. Next, 180 μl of the europium (Eu) solution was added to form highly fluorescent and stable chelates (EuTDA). The fluorescence of the EuTDA chelates was measured with time-resolved fluorometry (Victor3, PerkinElmer). The percentage specific release was calculated from (experimental release -- spontaneous release)/(maximum release -- spontaneous release) × 100 (%). In the blocking experiments, the blocking anti-NKG2D mAb (R&D systems) was added to the suspension of the NK-92 cells and incubated for 30 min before they were co-cultured with the target cells. All experiments were done in triplicate.

Statistical analysis {#rry005s2f}
--------------------

To evaluate the altered level of gene expression, the mean fold of gene expression in proteasomal inhibitor--treated cells was compared with that in the vehicle-treated control cells. The standard error (SE) of the mean was calculated. For comparison of groups, the unpaired Student's *t*-test was performed. A *P* value below 0.05 was considered statistically significant in all experiments.

RESULTS {#rry005s3}
=======

IR and bortezomib treatment induced the expression of NKG2D ligands {#rry005s3a}
-------------------------------------------------------------------

We found that IR could induce surface proteins of MICB and ULBP1 on myeloma cells without increasing mRNA (Fig. [2](#rry005F2){ref-type="fig"}). The RT-PCR data were not represented---4 Gy of IR was most effective and \>6 Gy dose induced a significant amount of cell death. Bortezomib stimulated transcription of *ULBP2* and *ULBP3* in IM-9 cells and RPMI-8226 cells (Fig. [3](#rry005F3){ref-type="fig"}A). It was assumed that reduced degradation of factors involved in transcription might increase transcription. Surface proteins of all NKG2D ligands had an induced trend after 24 h treatment with bortezomib. Significant induction of MICA, ULBP1 and ULBP 2 was demonstrated compared with in the vehicle (DMSO) -treated group in IM-9 cells. Expression of *ULBP1*, *ULBP2* and *ULBP 3* was increased compared with in the vehicle-treated group in RPMI-8226 cells (Fig. [3](#rry005F3){ref-type="fig"}B).

![The expression of NKG2D ligands after ionizing radiation (IR) at the surface protein level. After IR treatment with doses of 1, 2 and 4 Gy, and a 24 h recovery phase, using IM-9 and RPMI-8226 cells, we obtained the mean fluorescence intensities (MFIs) using flow cytometry. Average relative folds of MFI were calculated in comparison with those of untreated cells. The surface expression of NKG2D ligands, including MICA, MICB and ULBP 1--3, were evaluated. All experiments were repeated three times, and *P* values of \<0.05 are indicated by an asterisk.](rry005f02){#rry005F2}

![The expression of NKG2D ligands after treatment with bortezomib and ionizing radiation at both mRNA and surface protein levels. (A) The mRNAs of NKG2D ligands were amplified by the multiplex RT-PCR method in IM-9 and RPMI-8226 cells after treatment with 2.5, 5 and 10 nM bortezomib for 24 h. This was analyzed by 2% agarose DNA electrophoresis and quantitated by image analyzing software. (B) After treatment with bortezomib or vehicle for 24 h, we compared the mean fluorescence intensities (MFIs) obtained from flow cytometry with those of vehicle-treated cells (upper panel). All experiments were repeated four times and a representative histogram was created (lower panel). *P* values were presented as single asterisks (\<0.05), double asterisks (\<0.01) and triple asterisks (\<0.001).](rry005f03){#rry005F3}

Combination of both bortezomib treatment and IR increased the expression of NKG2D ligands {#rry005s3b}
-----------------------------------------------------------------------------------------

To determine the effect of the combined treatment of proteasome inhibition and IR on the expression of NKG2D ligands, myeloma cells were treated with 2.5, 5 or 10 nM bortezomib immediately after irradiation and incubated for 24 h. Induction of all of the assayed NKG2D ligands was increased in the combined treatment myeloma cells compared with in the vehicle-treated group. In IM-9 cells treated with the combination of IR and bortezomib, expression of *MIA*, *MICB* and *ULBP 1--3* was increased compared with in the 4 Gy IR group. In RPMI-8226 cells, expression of *MICA* and *ULBP 1,2* was increased compared with in the 4 Gy IR group (Fig. [4](#rry005F4){ref-type="fig"}). There was no further increase in NKG2D ligands after treatment with \>10 nM concentration of bortezomib in either group of cells.

![The significant induction of NKG2D ligands after combined treatment with bortezomib and ionizing radiation (IR). The expression of NKG2D ligands was evaluated using flow cytometry in IM-9 and RPMI-8226 myeloma cells. The bars represent the MFI ratios of NKG2D ligands for the various groups: IR plus 2.5, 5 and 10 nM bortezomib, and IR only. *P* values are indicated by a single asterisk (\<0.05), double asterisks (\<0.01) or triple asterisks (\<0.001).](rry005f04){#rry005F4}

Bortezomib treatment and ionizing radiation enhanced NK cell--mediated cancer cell lysis {#rry005s3c}
----------------------------------------------------------------------------------------

Cytotoxicity against two kinds of myeloma cells was further enhanced after combined treatment with bortezomib and IR (Fig. [5](#rry005F5){ref-type="fig"}). Although 10 nM bortezomib treatment tended to enhance the cytotoxicity of the NK-92 cells by increasing the expression of several kinds of NKG2D ligands, the increase was not significant. When we performed an NKG2D receptor--blocking assay, the magnitude of the cytotoxicity was found to be significantly reduced. Adding IR to bortezomib treatment would be beneficial for killing the target cells through stimulation of NK cell--mediated immune responses by induction of NKG2D ligands.

![Enhanced NK cell--mediated cancer cell lysis by combined treatment with bortezomib and ionizing radiation (IR). After treatment with 10 nM bortezomib with or without IR in IM-9 and RPMI-8226 cells, the myeloma cells (target cells) and NK-92 cells (effector cells) were cocultured for 4 h. The cytotoxicity of NK-92 cells compared with that of two kinds of myeloma cells was assayed (upper panel). Blank circles represents vehicle (DMSO)-treated cells. Gray-filled circles and black-filled circles represent bortezomib and combined treatment with IR and bortezomib, respectively. The blocking assay was performed after treating the myeloma cells with anti-NKG2D blocking antibody for half an hour. Black-filled circles represent combined treatment with IR and bortezomib, and blank circles represent NKG2D blocked cells, respectively. A single asterisk indicates *P* \< 0.05.](rry005f05){#rry005F5}

DISCUSSION {#rry005s4}
==========

Although multiple myeloma was previously an incurable type of hematologic malignancy, the clinical outcome for patients with multiple myeloma has been greatly improved over the last few decades. A significant survival advantage was achieved after using bortezomib, which was first approved for the treatment of relapsed/refractory multiple myeloma in 2003 and which became the first-line drug treatment in 2008 \[[@rry005C19], [@rry005C20]\]. Bortezomib reversibly inhibits the threonine residue of the 20S unit and inhibits proteasome activity. At first, it was thought that bortezomib prevented IκBα from degradation and inhibited the nuclear factor kappa B (NF-κB) pathway in myeloma \[[@rry005C21]\]. However, a different report claimed that canonical NF-κB activity was activated after treatment with bortezomib through enhanced activation of IκB kinase in myeloma cells \[[@rry005C22]\]. Although it is unclear which molecule really exhibited the anti-myeloma effect after treatment with bortezomib, bortezomib showed several anti-cancer effects through arrest of the cell cycle, induction of apoptosis and prevention of the cytokine loop \[[@rry005C23]--[@rry005C29]\]. Recent reports suggest that bortezomib has apparent immunomodulatory effects through decrease in anti-apoptotic proteins, induction of apoptosis, and inhibition of the transcription factor NF-κB in immune cells \[[@rry005C30]--[@rry005C33]\]. With respect to bone marrow transplantation, it was known that bortezomib could prevent GVHD and maintain GVT through depletion of alloreactive T cells and preservation of regulatory T cells \[[@rry005C34], [@rry005C35]\]. It was likely that bortezomib might have a role as an immune stimulator in myeloma patients and thus contribute to better clinical outcomes. Since the expression of NKG2D ligands is dependent on the balance between gene expression and protein degradation, it was reasonable to assume that a proteasome inhibitor could regulate the expression of some NKG2D ligands through modulating the rate of protein turnover. Currently, eight kinds of NKG2D ligands have been identified in humans, and these are grouped into the MIC family (MICA and MICB) and the ULBP family (ULBP 1--6); their expression is generally restricted in normal cells. The affinities of MICA/MICB and ULBP1 are 0.5 and 1.1 μM, respectively \[[@rry005C36], [@rry005C37]\]. However, till now it has not been known which ligands are more potent in activating NKG2D+ cells. It is known that the expression of NKG2D ligands is significantly increased in infected cells and transformed cells \[[@rry005C3000], [@rry005C3500]\]. Although the reason for the presence of the various NKG2D ligands is not clear, it has been assumed that they make cells responsive to various external stimuli. In this study, we found that bortezomib could increase the mRNA of ULBP2 and ULBP3, through unknown mechanisms. Butler *et al.* found increased ULBP1 transcription after inhibition of proteasomes, and Geng *et al.* suggested that reduced degradation of factors involved in transcription could be responsible for increasing the transcription of genes \[[@rry005C13], [@rry005C38]\]. However, it was not known which NKG2D ligands were the main ones transcribed after treatment with bortezomib, how the type of cell might affect transcription, and what stimuli might be required. In this study, it was demonstrated that bortezomib significantly increased the surface proteins of several NKG2D ligands in myeloma cells. Although there are previous reports that bortezomib treatment results in enhancement of NK cell--mediated immune responses against many kind of cancer cells (including myeloma) through induction of NKG2D ligands, suppression of MHC class I molecules, or facilitated apoptosis of cancer cells \[[@rry005C13]--[@rry005C16], [@rry005C39]--[@rry005C41]\], it appears that the anti-cancer immune responses are not sufficient to eradicate whole tumor cells and need enhancement by other modalities in myeloma patients under treatment of bortezomib.

Radiotherapy has for a long time frequently been used to manage the acute bone lesions of multiple myeloma. Because it was known that IR can disrupt proteasome complexes \[[@rry005C42]\] and increase the expression of NKG2D ligands on a post-transcriptional level through the cellular response to DNA damage \[[@rry005C43], [@rry005C44]\], it was suggested that IR might have a role as an immune booster through activation of immune cells, including NK cells \[[@rry005C45]--[@rry005C48]\]. Since IR can activate the NF-κB pathway through ATM signaling, and NF-κB is a common target of bortezomib and IR \[[@rry005C49], [@rry005C50]\], it appeared that activated NF-κB might contribute to expression of MICA \[[@rry005C51], [@rry005C52]\].

NK cell--based anti-cancer immunotherapy is already well advanced, and destruction of residual cancer cells by specific immune cells during the remission period is ideal for preventing recurrence or resistance. Immunotherapy might be a promising strategy for improving the outcome for myeloma patients. Although it was known that single treatment with bortezomib or radiotherapy could induce NKG2D ligands and modulate NK cell--mediated immune responses independently, the magnitude and duration of the immune responses were not sufficient for eliminating residual cancer cells *in vivo*. In this study, we demonstrated that radiotherapy could enhance bortezomib-induced immune responses against myeloma cells through further induction of NKG2D ligands. Since bortezomib and radiotherapy have different mechanisms for inducing NKG2D ligands, they will be good partners for combatting myeloma. In the near future, if NK cell--based immunotherapy can be established well and can be applied to treat myeloma, combined treatment with bortezomib and radiotherapy promises to provide increased benefits to myeloma patients.
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